New methods for the preparation of reversible pH-responsive DNA hydrogels based on Hoogsteen triplex structures are described. One system consists of a hydrogel composed of duplex DNA units that bridge 
Introduction
Stimuli-responsive polymers undergoing reversible hydrogel/ solution transitions attract substantial interest in material science.
1 Different triggers such as pH, 2 chemical substrates, 3 redox reactions, 4 supramolecular interactions, 5 light 6 and electrical signals 7 were used to switch these phase transitions of polymers. Different applications of switchable polymers undergoing hydrogel/solution transitions were suggested, and these include the controlled drug delivery, 8 tissue engineering, 1a micromechanical devices such as valves or actuators, 9 sensors, 10 and smart coating materials. 11 Within the stimuli-responsive polymers undergoing solution/hydrogel transitions, DNA-containing switchable hydrogels attract special interest, since the nucleic acid components can be encoded with appropriate base sequences that provide the mechanisms for the switchable hydrogel/solution phase transitions.
12 The stimuli-responsive DNA hydrogels may be synthesized by two general approaches: by one approach, DNA units are crosslinked by stimuliresponsive nucleic acid bridging units to yield the switchable hydrogel. 13 The second approach, involves the tethering of nucleic acids, that are encoded with stimuli-responsive base sequences, on polymer chains, and the crosslinking of the chains by appropriate external triggers to form the hydrogels.
14 By coding programmed base sequences into the bridging units exhibiting reversible and switchable crosslinking properties, stimuli-responsive matrices undergoing reversible hydrogel/ solution were designed. Different external signals were used to trigger the reversible DNA-stimulated formation and dissociation of hydrogels. These included the use of nucleic acid duplex bridging units and their separation by the strand displacement process, 15 the bridging and separation of the polymer chains by K + -ion-stabilized G-quadruplexes and crown ether receptors, 16 and the use of metal ions to bridge the polymer chains to hydrogels and to separate the hydrogels by ligands eliminating the metal ions. 17 Also, the pH-triggered formation of i-motif structures was applied to bridge DNA units to yield all-DNA hydrogels.
13b Different applications of DNA-based hydrogels were suggested, including sensing, 18 removal of hazardous metal ions, 19 inscription of structural information, 20 and the use of the nucleic acid functionalized polymers as shape-memory matrices.
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Hoogsteen base interactions allow the pH-stimulated formation and dissociation of triplex DNA structures. Speci-cally, protonated CG$C + parallel domains favor the formation of triplex structures at acidic pH, 22 and TA$T parallel domains stimulate triplex formation at neutral pH environments. 23 The pH-triggered switchable transitions duplex/triplex structures of nucleic acids were previously implemented to develop DNA machines 24 and switches. 25 In the present report, we present the use of triplex DNA structures as pH triggers that stimulate switchable and reversible hydrogel/solution transitions. We demonstrate that through a rational design of the nucleic acid crosslinking units and their pH-induced triplex nanostructures, the dictated transitions of DNA matrices existing as hydrogels at neutral pH, into liquid phases proceed either under acidic or basic conditions. We further demonstrate that the anti-cancer drug, coralyne, intercalates specically into the TA$T triplex crosslinked hydrogel. Besides the increase of the stiffness of the hydrogel through the intercalation process, the pH-controlled release of the coralyne from the hydrogel is demonstrated. Fig . 1D shows the stained, freeze-dried, SEM image of the hydrogel that reveals pore sizes exhibiting a 1 mm diameter. The To further demonstrate the versatility of our approach, we designed a DNA-based hydrogel that undergoes hydrogel/solution transitions under basic conditions, using Hoogsteen TA$T triplex interactions as depicted in Fig. 3A . The thymine-functionalized nucleic acid (5) was tethered to the acrylamide copolymer chains (6) by the copolymerization of the (5)-functionalized acrydite monomer with the acrylamide monomer (nal ratio of (5) : acrylamide is 1 : 79, average molecular weight 360 000), for the determination of the loading see Fig. S3 , ESI. † The adenine-rich nucleic acid (7) was used as "glue" to form the TA$T triplex structure. The mixture of the copolymer (6) and (7) yields at pH ¼ 7.0 the triplex-bridged hydrogel. Subjecting the hydrogel to pH ¼ 10.0 results in the separation of the triplex structures, due to the deprotonation of the thymine residues. The dissociation of the triplex bridges yields the polymer chains consisting of the duplex (5)/(7) tethers and free (5) tethers, leading to the transition of the hydrogel to the liquid polymer state. For the stability of the duplex (5)/(7), see the Fig. S4 in the ESI. † By the cyclic treatment of the system between the pH values 7.0 and 10.0, the system undergoes reversible transitions between the hydrogel and liquid phases, respectively. Fig. 3B depicts the images of the hydrogel and liquid states of the system at the respective pH values. Fig. 3C shows the rheology characterization of the triplex-crosslinked hydrogel at pH ¼ 7.0. The storage modulus of the system is G 0 z 48 Pa whereas the loss modulus is G 00 z 2 Pa, consistent with the existence of a hydrogel. The T m values of the (6)/(7) hydrogel correspond to 32 C (separation of the triplex) and 60 C (separation of the duplex), see Fig. S5 , ESI. † Also, we nd that the quality of the triplex crosslinked hydrogel is sensitive to mutations introduced in the bridging strand (7), Fig. 3D . The use of a bridging strand (7a) that introduce two-base mismatches results in a lower storage modulus, G 0 z 37 Pa (as compared to G 0 z 48 Pa for the (6)/(7) hydrogel). The introduction of three base mismatches or four base mismatches into the bridging strand, (7b) and (7c), respectively, does not allow the formation of crosslinked hydrogel. Coralyne is an anti-cancer drug 26 and it preferentially binds to TA$T triplex structures. 27 Accordingly, coralyne was loaded in the TA$T triplex crosslinked hydrogel, and its release upon the dissolution of the hydrogel was examined, Fig. 4A . The comparison of the rheology features of the coralyne-loaded hydrogel to the unloaded triplex-crosslinked hydrogel is depicted in Fig. 4B . The storage modulus of the coralyne-loaded hydrogel corresponds to G 0 z 64 Pa (as compared to G 0 z 48 Pa of the unloaded hydrogel), implying that the binding of coralyne to the TA$T triplex units stabilizes the hydrogel and increases its stiffness. Fig. 4C depicts the time-dependent release of coralyne upon treatment of the coralyne-loaded (6)/(7) hydrogel at different pH conditions. While at pH ¼ 7.0, the release of coralyne from the hydrogel is slow and inefficient, as the pH of the hydrogel increases the release of coralyne is enhanced. At pH ¼ 10.0, effective release of coralyne from the matrix is observed, consistent with the dissociation of the hydrogel. From the uorescence intensities generated by the release of coralyne, and we estimate that at pH ¼ 7.0, 19% of the loaded coralyne are released aer a time-interval of 400 minutes, whereas 56% of coralyne are released aer the same time-interval from the dissociated hydrogel at pH ¼ 10.0. The incomplete release of coralyne is attributed to the partial electrostatic association of coralyne to the DNA-modied polymer chains separated from the delivery coralyne reservoir.
Results and discussion

Conclusions
To conclude, the present study has introduced new methods to synthesize stimuli-responsive DNA hydrogels based on triplex DNA structures. By the appropriate design of the triplex DNA units hydrogels existing at neutral pH could be dissociated either under acid conditions, pH ¼ 5.0, or under basic conditions (pH ¼ 10.0). We have further demonstrated that the specic interaction of coralyne into the TA$T triplex-bridged hydrogel increases the stiffness of the resulting hydrogel. The dissociation of the triplex, at pH ¼ 10.0, leads then to the separation of hydrogel and to the release of coralyne that lacks affinity toward single-strand or duplex DNA structures.
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Experimental section
Materials
The oligonucleotides used in the study were purchased from Integrated DNA Technologies (Coralville, IA, USA). The sequences used in the study are summarized in Table 1 . For electrospray ionization (ESI) mass spectrometry conrmed purity of the different oligonucleotides see Fig. S9 -S15. † Synthesis of the acrydite-modied oligo/acrylamide copolymers 150 mL of buffer solution (10 mM HEPES, 10 mM MgCl 2 and pH ¼ 7.0) containing 1 mM acrydite-modied DNA (1, 2 or 5) and 2% acrylamide was bubbled with nitrogen gas for 3 minutes. 9 mL of initiator mixture (20 mg ammonium persulfate, APS, and 10 mL N,N,N 0 ,N 0 -tetramethylenediamine, TEMED, in 0.2 mL H 2 O) was added into the solution. Nitrogen gas was bubbled into the solution for another 5 minutes. Then it was incubated at 4 C overnight. The resulting copolymer was puried with a Microcon (Millipore) spin lter unit (MWCO 10 kD) to remove the unreacted monomers and other impurities. Finally, the copolymer solution was dried under a gentle ow of nitrogen gas and redispersed in buffer. Based on the calibration curves shown in Fig. S1 -S3, † DNA loading (the ratio of the acrylamide/acrydite-oligo) of the different polymers was determined spectroscopically. All the UV-vis absorption data were recorded using a UV-2450 spectrophotometer (Shimadzu). For the determination of average molecular weights of the different polymers see Fig. S6 . † It should be noted that the DNA loading of the polymer chains to yield the hydrogels represent optimized value. For optimization of the loading, polymer chains exhibiting variable loading of the DNA were prepared, and the resulting hydrogels were characterized by rheology, Fig. S7A and B. †
Preparation of the hydrogels and their switchable hydrogel/ liquid transitions
To prepare the (3)/(4) hydrogel, copolymer (3) and (4) were mixed in a buffer solution (10 mM HEPES, 10 mM MgCl 2 and pH ¼ 7.4) with the nal concentrations of nucleic acid (1) and (2) to be 0.43 mM. The gelation was completed within 5 minutes. To dissociate the hydrogel, a minute volume of acetic acid (20%) was used to adjust pH to 5.0. The dissociation was completed within 1 minute via shaking. Ammonium hydroxide solution (10%) was used to change the solution pH to 7.4. To prepare the (6)/(7) hydrogel, the nucleic acid (7) was mixed with copolymer (6) in the HEPES buffer (10 mM HEPES, 10 mM MgCl 2 and pH ¼ 7.0). The nal concentrations of (5) and (7) were 1.2 mM and 0.6 mM, respectively. Ammonium hydroxide solution (25%) and acetic acid (40%) were employed to change the solution pH between 10.0 and 7.0. The gelation was completed within 5 minutes and dissociation was completed within 1 minute via shaking.
Rheology measurements
The formation, dissociation and mechanical properties of the hydrogels were characterized by a HAAKE MARS III rheometer (Thermo Scientic). Oscillatory frequency sweep test and the strain test of the (3)/(4) hydrogel were performed, Fig. S8A and B, † respectively. The linear viscoelastic region was found to be in the range of 1% strain and 1 Hz frequency. Time-sweep oscillatory tests were performed using a 20 mm parallel-plate geometry and with 135 mL of a fresh solution (resulting in a gap size of 0.30 mm). For the (3)/(4) hydrogel, nal concentrations of (1) and (2) were both 0.20 mM. For the (6)/(7) hydrogel, the concentrations of (5), (7) and coralyne were 0.5 mM, 0.25 mM and 0.72 mM, respectively.
Release of coralyne from the (6)/(7) hydrogel
The release of coralyne from the triplex-crosslinked hydrogel was also recorded by its uorescence. 3.2 mL of a mixture solution of copolymer (6) (1.34 mM (5)) and coralyne (1.62 mM) was placed in the corner of a cuvette, and then mixed with 0.38 mL of (7) to yield the hydrogel. 2 mL HEPES buffers of different pHs (pH ¼ 7.0, 8.0, 9.0 and 10.0) were injected into four cuvettes containing hydrogels, and the uorescence of supernatant was recorded immediately (Ex: 422 nm, Em: 480 nm, slits: 2.5/5 nm).
Scanning electron microscope (SEM)
SEM images were collected by an Extra High Resolution Scanning Electron Microscope Magellan (TM) 400L (2 kV, 6.3 pA). The silicon slides (Virginia semiconductor, Inc.) were cleaned by washing with distilled water, ethanol and acetone in succession, and processing by UV/zone in a T1O Â 10/OES/E UV/ozone chamber from UVOCS, Inc. (USA). According to the procedures, the hydrogels were prepared, placed on the cleaned silicon slides and freeze-dried, and then coated with an Au/Pd lm.
